ABSTRACT The stiffness of the extracellular matrix (ECM) is known to influence cell behavior. The ability to manipulate the stiffness of ECM has important implications in understanding how cells interact mechanically with their microenvironment. This article describes an approach to manipulating the stiffness ECM, whereby magnetic beads are embedded in the ECM through bioconjugation between the streptavidin-coated beads and the collagen fibers and then manipulated by an external magnetic field. It also reports both analytical results (obtained by formal modeling and numerical simulation) and statistically meaningful experimental results (obtained by atomic force microscopy) that demonstrate the effectiveness of this approach. These results clearly suggest the possibility of creating desired stiffness gradients in ECM in vitro to influence cell behavior.
INTRODUCTION
Significant changes in cell behaviors, due to variation in the physical properties of local areas of the extracellular matrix (ECM), where cell-ECM interactions occur, have been observed (1, 2) . Although the exact mechanism involved in the interactions between a cell and the stiffness of its pericellular environment is not yet fully understood, it is generally accepted that the mechanical properties of the ECM influence cellular interactions at various levels, including protein expression (3) . One such mechanical property is the stiffness of the ECM, which has been observed to regulate the degree of cell-matrix adhesion, the size of focal adhesion, and the stiffness and tension developed by the cell itself (4, 5) . Cell motility and polarity are also associated with ECM stiffness, manifested in the tendency of cells to migrate from softer to stiffer environments (6) .
There are methods for altering the stiffness of the ECM to observe (in vitro) cell behavior under various stiffness conditions. These methods rely on manipulating soluble cues, such as by changing the collagen concentration (7) , varying the pH value in the ECM sample (8) , or changing the polymerization temperature of the ECM (9) . One factor that limits the applicability of these methods is that the change in stiffness realized by these methods is permanent and irreversible. Furthermore, some of these methods (such as that involving changing collagen concentration) alter the chemical composition of the ECM, leading to inconsistencies when comparing the observed cell behavior under different stiffness conditions.
Manipulating the stiffness of ECM by mechanical means offers an alternative to those methods that rely on soluble cues. We have already proposed in Chen et al. (10) an apparently novel approach whereby the stiffness of the ECM is altered by mechanically manipulating the deformability of the collagen fibers in the ECM. The approach works by embedding magnetic beads in the ECM through bioconjugation between the streptavidin-coated beads and the collagen fibers, then applying an external magnetic field on the ECM to exert a magnetic force on the beads. This magnetic force, when applied statically, creates a pretension in the collagen fibers. When a traction force opposing the magnetic force is exerted on the fibers by a cell, the fibers exhibit a greater resistance to deformation, as is illustrated in Fig. 1 .
Due to this increased resistance to deformation in the fibers, cells will experience a greater stiffness in regions of ECM where magnetic beads are present, which in turn may affect the cell behavior, such as cell migration (11) . We refer to this stiffness sensed by the cells as the apparent local stiffness of the ECM at those sites, because this externally and mechanically induced change in the local deformability of the collagen fibers is only apparent to a cell at the pericellular level near the site of an embedded bead and is localized at that site, while the global intrinsic material properties of the ECM remain unchanged (12) . The advantage of this approach is that the stiffness of the ECM can be manipulated directly in real-time without significantly changing the in vitro environmental conditions (such as temperature or pH value) for a cell.
In this article, we investigate the effect of the presence of magnetic beads (when under the influence of an external magnetic field) on the local microscale stiffness of the ECM. This investigation focuses on determining the change in the apparent Young's modulus of the bead-embedded ECM when the external magnetic field is present (in comparison to the case when it is absent).
Because cellular behavior is known to be influenced by the stiffness of the immediate surroundings of a cell, the ECM with which the cells interact must be characterized to develop a deeper understanding of the observed in vivo cell functions in a laboratory setting. An effective approach to obtain such a characterization is to study the mechanical deformation behavior of the ECM by indentation, using micro/nanomanipulation devices such as the atomic force microscope (AFM). Indenting a biomaterial using an AFM to determine its Young's modulus is a well-known technique (e.g., see the literature (13) (14) (15) (16) ). For soft hydrogels, indentation techniques are highly suitable for determining the mechanical properties of materials that may vary at micro-and nanoscales (12, 17) . In the work described in this article, we adapt this technique by using an AFM to indent ECM samples at locations near the magnetic beads.
The apparent novelty in our adaptation of this technique manifests in the specific arrangement of the magnetic field, the indentation direction, and the ECM sample in such a configuration that the indentation is resisted by the magnetic force. The indentation force exerted by the AFM on the ECM is thus transmitted to the beads to simulate the action of cell traction forces acting on the beads, while the presence of the external magnetic field induces a localized change in the resistance to deformation in the ECM. By applying the same prescribed force on a set of indentation sites individually, we obtain quantitative data reflecting the change in the local apparent stiffness of the ECM near beads solely due to the presence of the external magnetic field. Moreover, we develop an analytical model for predicting such changes, and verify that the prediction obtained by the model generally agrees with the experimental results.
The remainder of this article is organized as follows: Experiment Design and Implementation describes the method and materials used in the experiment. Theoretical Analysis of Change in ECM Stiffness describes the analytical model for predicting the change in ECM stiffness. Results and Discussion gives the results obtained from the AFM indentation experiment, and compares the experimental results with the corresponding analytical prediction. We wrap up with Conclusions.
EXPERIMENT DESIGN AND IMPLEMENTATION

Experiment design
An AFM is used to indent ECM samples to generate force and displacement data for estimating the value of the Young's modulus of the ECM. The tip of the cantilever probe of the AFM has a microsphere to generate threedimensional contact with the ECM embedded with magnetic beads. An external magnetic field is applied on the ECM during the indentation. This magnetic field is oriented such that the magnetic force acting on a bead is orthogonal to the direction of the indentation, as is illustrated in Fig. 2 .
The presence of an external magnetic field induces a pretension (i.e., a pretensile stress) in the ECM. When the indentation site is selected in such a way that the pretension acts against the indentation, the deformation of ECM is reduced in the presence of a magnetic field compared to the case where the magnetic field is absent when an identical indentation force is applied. This reduction in deformation is localized at the indentation site, and corresponds to an increase in the stiffness of ECM therein. The force and displacement data thus collected by the AFM are then used to determine the change (due to the presence and absence of the magnetic field) in the Young's modulus of the ECM at the indentation site.
Embedding beads in ECM
To quantify the change in local ECM stiffness, we investigated four scenarios listed in Table 1 . The first two scenarios are for studying the effect of the magnetic field on the apparent stiffness of the ECM embedded with bioconjugated beads, whereas the last two are for studying the effect of the mere presence of nonbioconjugated beads on the ECM stiffness.
To embed beads in the ECM with bioconjugation, magnetic beads were prepared with a coating having a good affinity with the collagen fibers to form a strong attachment. Streptavidin contains an Arg-Tyr-Asp (RYD) amino-acid sequence that mimics the Arg-Gly-Asp (RGD) receptor domain of fibronectin, which enables streptavidin to affix to collagen-rich areas. The complementary shapes, charges, polarity, and hydrophobicity of the streptavidin and the collagen fibers permit multiple weak interactions which, in combination, produce a tight binding (18) (19) (20) .
For Scenarios 3 and 4 (as listed in Table 1 ), nonbioconjugated beads were embedded into ECM such that there is no binding between beads and collagen fibers. For this purpose, polyethylene glycol (PEG)-coated beads were used because of its hydrophilicity. PEG coating was done on aminecoated beads to create an inert coating around the beads. The PEG structure contains hydrogen bonded to water molecules that results in a hydration layer, which makes bonds between the PEG-coated beads and the collagen fibers difficult to form because this layer must be disrupted for any form of bioconjugation to occur. The detailed procedure for obtaining PEG-coated beads is described in the Supporting Material.
Preparation of samples
The collagen was prepared according to the recipes listed in Table 2 . All samples contain 2.5 mg/mL of Rat Tail Collagen Type 1 from BD Biosciences (Franklin Lakes, NJ). The streptavidin-coated magnetic beads, BM551, and amine-coated beads, BM546, both with a diameter of 1.5 mm, were procured from Bangs Laboratories (Fishers, IN) . For all cases, the samples have identical bead concentrations of 0.075 mg/mL.
The collagen-bead mixture was thoroughly vortexed for 2 min until a homogeneous solution was formed and the components of the mixture were spread throughout the entire volume. The mixture was then pipetted into a holder (discussed in Fabrication of Magnet-Collagen Holder, below) so that no visible air cavities were formed. Fibrillogenesis was done in an external incubator at 37 C and 5% CO 2 . To achieve self-assembly of collagen molecules into fibers and binding of beads to the collagen fibers, the samples were placed in an incubator for at least 22 h to ensure that gelation occurred throughout the entire collagen strip.
Fabrication of magnet-collagen holder
For applying a magnetic field on the beads embedded in the ECM, we designed a holder to house the magnet and the collagen in close proximity to each other. The specifications of this holder are constrained by the physical configuration of the AFM and the operation of the magnet. The specifications are the following:
1. There should be a separate chamber to house the magnet; 2. The wall between the magnet chamber and the cavity containing the collagen should be as thin as possible to maximize the magnetic force on the beads; and 3. The sides of the holder should be filleted to achieve a height of 2 mm so that the clips on the alloy base of the AFM can be used to keep the holder in place.
A 4-mm cubic permanent magnet, made of N50 Grade Neodymium Iron Boron and procured from Lifton Magnet (Singapore), was housed in this holder. This magnet is capable of generating~6400G surface Gauss and 14,500G residual induction (Br). Fig. 3 shows a solid-model drawing of the holder and the actual item fabricated using an Eden 350 3D printer (Eden, Lakewood, CO). Determining the Young's modulus of ECM samples by atomic force microscopy
The geometry of the AFM indenter influences how the Young's modulus can be calculated. A microsphere at the tip of the probe (i.e., the indenter) exerts minimal stressstrain concentration. It is assumed that the indenter is nondeformable and that there is no additional interaction between the indenter and the sample. With the approximation that the sample behaves as an isotropic and linear elastic solid occupying an infinitely extending half space, the Young's modulus of the sample can be calculated using the Hertz contact mechanics model (21),
where
with E being the Young's modulus of the sample, d the indentation, h the sample height, R the radius of the microsphere, and n the Poisson's ratio. For soft biological samples, it is common practice to use 0.5 for the value of n (21). Although this Hertz model may lead to significant error when applied to thin samples (i.e., small h), resulting from possible error in the estimation of the actual sample height (21) , such an error can be ignored in this experiment for the following reason. The height of the collagen gel used in this experiment is~800 mm. When compared to the depth of the indentation that is limited (by design) to a maximum of 5 mm, the sample height h can be considered as infinitely large. Thus, with c / 0, the force-indentation relationship, as shown in Eq. 1, reduces to
Consequently, by measuring F and d experimentally, we can estimate E for a given ECM sample. A NanoWizard II AFM module (JPK Instruments, Berlin, Germany), incorporated with a tip-scanning concept for long-time position stability, was used in conjunction with a microsphere (with a radius of 2.25 mm) as the probe. The AFM is capable of exerting a force of 0.5 nN at an indenting speed of 1 mm/s and at a sampling rate of 2048 Hz. The force exerted and the resultant extension were used to determine the Young's modulus using Eq. 2. Optical microscopy was also integrated with the AFM for image acquisition during the experiment. Fig. 4 A shows the AFM setup, whereas Fig. 4 B shows a closeup view of a typical indentation area.
To provide a basis for comparison, the Young's modulus of a pure ECM sample was determined based on measurements taken at random points on the sample. The Young's modulus thus obtained was 22.27 Pa.
Experimental procedure
The experiment was conducted for the four scenarios specified in Table 1 at selected indentation sites as illustrated in Fig. 5 . A set of force and indentation depth measurements were obtained along Line 1 in the y direction, as shown in Fig. 5 . Another set of measurements were taken along Line 2, which was separated from Line 1 in the x direction by~50 mm. Two reference points were chosen along each line and 15-20 measurements were made. Each measurement was taken at a point located a few microns away from a nearest bead (and between that bead and the magnet) to ensure that there was a bead that generated the dominant resistance to the indentation. For each sample, two sets of measurements for each scenario were obtained at selected points located 4 mm away from the two lines.
The results of the experiments are given later in Results and Discussion, in conjunction with the analytical prediction obtained from the model presented in the next section.
THEORETICAL ANALYSIS OF CHANGE IN ECM STIFFNESS
In this section, we analyze the change in the Young's modulus of an ECM sample due to the effect of the external magnetic field acting on the beads embedded in the sample.
When exposed to a magnetic field, the magnetic beads bound to the collagen fibrils generate a pretension in the ECM. Because the ECM is confined on all sides except the top surface where indentation occurs, one consequence of this pretension manifests in a change in the height of the ECM (i.e., a deformation in the z direction). This change in height is positive (i.e., an increase, with respect to the original height) for regions closer to the magnet and negative for regions further away from the magnet, as is illustrated in Fig. 6 A.
Let b d p denote the total z-direction deformation of the ECM at a point p on that surface, due to the pretension in the x direction. Suppose that, for a pure ECM sample which contains no beads, a force F 0 is required to achieve a z-direction indentation of d from the point p, and that, for an ECM sample embedded with beads and under the influence of a magnetic field, an indenting force F* is required to achieve the same d. In general, F* differs from F 0 due to the effect of the pretension. For instance, when the deformation is positive (i.e., b d p >0), we have F* > F 0 for the same d, because an extra force of DF ¼ F* -F 0 is required to overcome the effect of the pretension due to the magnetic forces. Fig. 6 B illustrates this situation.
We refer to DF (for all d) as the change in the indentation force due to the effect of the pretension. It reflects the change in the apparent stiffness of the ECM with respect to the point p. We represent this change in the apparent stiffness in terms of the change in the Young's modulus of the ECM as DE ¼ E* -E 0 , where E* is the Young's modulus of the ECM embedded with beads and in the presence of the magnetic field, whereas E 0 is the Young's modulus of the pure ECM. To predict DE, we need to estimate E*.
Deformation of ECM due to pretension presents an analytical method for determining b d p , whereas Determination of Change in Young's Modulus by Curve-Fitting describes our approach for analytically estimating the new apparent Young's modulus E* based on b d p and E 0 .
Deformation of ECM due to pretension
We consider an ECM sample embedded with N beads uniformly distributed therein. Let S denote the set of all points on the top surface of the ECM in the absence of any pretension. Let b d p;j denote the z-direction deformation at a point p ¼ (x p , y p , z p )˛S due to the pretension generated by the magnetic force F j acting on a single bead j located at a distance of d x from the magnet and at a distance of r j,p ¼ jr j,p j from p, as is illustrated in Fig. 7 . Summing up such deformations at p due to all N beads yields the total z-direction deformation at p due to the pretension in the x direction, that is,
We adopt the approach proposed by Landau and Lifshitz (21, 22) to calculate b d p;j . Consider a spherical bead j with radius r subjected to a force F j that acts in the positive x direction and is distributed over a contact circle of radius a j .
(The detailed steps for calculating F j for the experiment setup described in Experiment Design and Implementation is presented in the Supporting Material.) Assume that F j is 
where P x (a j ) is the Hertz pressure field, G xz (r j,p ) is the Green's function, and A is the contact region, i.e., A ¼ pa 2 j . The Hertz pressure field generated by the bead j (due to F j ) is
where n is the Poisson's ratio, and the contact radius a j can be expressed as
The Green's function describes the displacement created in the z direction by a force acting in the x direction, and can be written as (23)
where d j is the length and direction of the x-axis component of the vector r j,p , i.e., d j ¼ x p -x b . Using Eqs. 3-7, we conducted a numerical simulation in the software MATLAB to determine b d p for an ECM sample (with a dimension of 25 Â 15 Â 0.8 mm) used in the experiment as described in Experiment Design and Implementation. The simulation involved a total of N ¼ 1.5 Â 10 6 beads, distributed uniformly in 14 layers covering a physical depth of 0.8 mm in the z direction, with each layer containing a 429 Â 258 grid of beads over a physical dimension of 25 Â 15 mm. The distance between any two adjacent beads in x, y, or z direction is~60 mm. A total of 429 Â 258 ¼ 110,682 points on the top layer were chosen in the calculation of b d p . To ensure that the simulation was consistent with the actual indentation process (as described in Experimental Procedure), these points were purposely selected to be 5 mm away in the x direction from a bead in the top layer located just beneath the top surface of the ECM, and in between that bead and the magnet. Fig. 8 shows the deformation b d p of the top surface of the ECM obtained from the numerical simulation. In this simulation, the magnet is located at x ¼ 0.015 m. The value of b d p ranges from À3 mm (at locations furthest from the magnet) to 2 mm (at locations near the magnet).
Determination of change in Young's modulus by curve-fitting Fig. 8 shows that the deformation of the top surface of the ECM due to the x-direction pretension can be positive or negative. In the subsequent analysis, we focus on the case where the deformation is positive, i.e., b d p >0. The same approach, however, can be readily applied to the case where b d p <0, as is highlighted in the Remark at the end of this section.
For a pure ECM sample, the force-deformation relationship as shown in Eq. 2 is described by F ¼ l 0 d 3/2 , where
Consequently, for an ECM sample embedded with magnetic beads and under the influence of a magnetic field, the forcedeformation relation can be expressed as
where DF is the extra force required to overcome b d p to achieve the same d as in the case of pure ECM. Now imagine that the top surface is confined in the same way as all the other surfaces of the ECM, and hence is not allowed to deform upwards when under the x-direction pretension generated by the magnetic forces acting on the beads. This, in effect, leads to the pretension in the x direction being transduced into an upward tension in the z direction. This upward tension then acts against the indentation, leading to an increase in the indentation force F for the same indentation depth (as compared to the case of pure ECM). This force-deformation relationship can be defined by the new value of the Young's modulus E*, and can be expressed as
The extra force DF can be calculated based on Eq. 2, by
Because b d p depends on the configuration involving the ECM and the magnet and is independent of d, for the experiment setup as described in Experiment Design and Implementation we can consider b d p , and thus DF, to be fixed quantities with respect to a given point p in an indentation process where d s 0.
For a given ECM-magnet configuration, the plot of Eq. 8 can be obtained by shifting the plot of F ¼ l 0 d 3/2 upwards by a constant DF. This upshifted plot can be readily generated for any given point p˛S, because l 0 contains only known parameters, and b d p can be calculated by numerical simulation (as was presented in Deformation of ECM due to Pretension). By a curve-fitting process that yields a value for l* that minimizes the difference between the plots of Eqs. 8 and 9 over a range of d values (as is illustrated in Fig. 9 ), the value of E* can be estimated.
The curve-fitting process is as follows: A set of d-values are chosen for which the corresponding values of F are determined by using Eq. 8. The equation F ¼ l*d 3/2 is then used to fit these F-d value pairs using the TrustRegion-Reflective Least-Square algorithm provided in the software MATLAB to yield the optimal value for l*. The value of E* is then calculated from the expression for l* in Eq. 9. Fig. 10 shows the plots of Eq. 9 with the optimal l* for the cases where the indenting points are 4, 5, and 7 mm away from the magnet in the ECM-magnet configuration described in Experiment Design and Implementation. The Young's moduli E* for these three cases were calculated as 27.64, 25.51, and 23.91 Pa, respectively. Compared to E 0 ¼ 22 Pa (which was experimentally determined as described in Determining the Young's Modulus of ECM Samples by Atomic Force Microscopy), the stiffness of the region of the ECM 4 mm away from the magnet is increased by 26%. As the distance increases to 5 and 7 mm, the changes in stiffness are 15.9 and 8%, respectively.
Remark
The above curve-fitting approach was formulated based on the case where b d p >0. For the case where b d p <0, the same approach applies. The difference is that, for this case, the counterpart of Eq. 8 becomes
RESULTS AND DISCUSSION
Experimental results Fig. 11 shows experimental results obtained at an indentation site of a sample embedded with streptavidin-coated beads. Two graphs show the relationship between the indentation force and the separation between the AFM cantilever tip and the ECM in the absence (Fig. 11 A) and the presence (Fig. 11 B) of the magnetic field. In each graph, the vertical axis indicates the force registered by the AFM (due to cantilever deflection), while the horizontal axis represents the separation. The dark vertical dotted line separates the graph into a contact region (i.e., to the left of this line) and a noncontact region (to the right). A negative separation value in the contact region indicates the depth of the indentation. During an indentation experiment, the motion of the AFM cantilever tip consists of a downward motion pressing onto the sample, followed by a retracting motion away from the sample. The bright red curve (on the top) corresponds to the downward motion whereas the dark red curve (at the bottom) corresponds to the retraction. The Young's modulus was then determined by fitting the force and separation values collected during the downward motion using the Hertz model described by Eq. 2. The green curve in both figures represents the result of the curve-fitting process, with a root-mean-squared residual error of 9.118 pN for the case in Fig. 11 A and 8.994 pN for Fig. 11 B. It can be seen from the graphs that:
1. The indentation reached the common maximum force of 450 pN before the AFM tip retracted; and 2. At this maximum force, the indentation depth of 2.1 mm for the case when the magnetic field was present was significantly smaller than the depth of 3.2 mm achieved when the magnetic field was absent.
The hysteresis reflected by the indentation and the retraction curves in the contact region of the graph is due to the viscous and plastic behavior of the collagen. In the noncontact region, the noisy signal in the retraction curve reflects the movement of the cantilever as it retracts from the sample.
The average values of Young's modulus for Lines 1 and 2 (as illustrated in Fig. 5) were calculated for each sample using the force and separation data collected only during the indentation motion, and the average value associated with the line that gave the least standard deviation was chosen as the Young's modulus for that sample. A minimum of 15 stiffness values had been taken for each sample. The same process was repeated for the sample embedded with PEG-coated beads.
Data analysis
Variability was observed in the data obtained from the AFM indentation experiments. It can be attributed to microscopic gel inhomogeneities. The ECM is highly porous, with gaps roughly 150 nm in size (21) . During an indentation, the spherical indenter of the AFM may indent over gaps on the ECM surface that consist mainly of water, or at the edges of the gaps (which are formed by collagen fibers), resulting in uncharacteristically high or low stiffness readings.
The data were analyzed, using the modified Thompson-t test (24, 25) , to remove the outliers as shown in Fig. S1 in the Supporting Material. The results are summarized in Fig. 12 and Table 3 , which show the average Young's modulus associated with the four scenarios listed earlier in Table 1 .
Change in the stiffness of sample embedded with streptavidin-coated beads From Table 3 , it can be seen that there is an increase in the Young's modulus of 25.21% (in the ECM samples embedded with streptavidin-coated beads) around the region indented by the AFM when the magnetic field is applied. An unpaired t-test was conducted on the data for Scenarios 1 and 2 from Table 1 to compare their respective average values of Young's modulus. The P value from this test is 0.0207, indicating that the difference by 25.21% in the average Young's modulus between these two sets of data is statistically significant. This provides direct evidence that the magnetic field affects the local stiffness of a sample embedded with streptavidin-coated beads. 
Comparison of analytical and experimental results
According to the experimental results, the stiffness of the ECM at a location 4 mm away from the magnet is increased by 25.21% due to the magnetic field. This experimental result is comparable to the 26% increase predicted by the analysis (as presented in Theoretical Analysis of Change in ECM Stiffness). This discrepancy reflects the difference between the indentation force calculated by the analysis and that determined by the AFM. There are three main causes for this difference:
The first cause is that the actual magnetic forces experienced by the beads in the ECM may differ significantly from those calculated using Eq. S1 in the Supporting Material, due to the fact that the percentage of magnetizable material (i.e., Fe 2 O 3 ) in each bead varies because of manufacturing irregularities, whereas the analysis does not consider such variations.
The second cause is that the value of the Poisson's ratio used in the analysis may not reflect the actual value of that of the ECM used in the experiment. The value of n ¼ 0.5 was used for the ECM samples in the analysis, under the common assumption of incompressibility due to their high water content (21) . However, it has been reported that the Poisson's ratio for collagen type I matrices may range from 0.15 to 0.48 (26) .
The third cause concerns the structural characteristics of the ECM samples. The analysis considers the ECM samples to be uniform and nonporous, whereas the physical ECM samples are highly heterogenous (leading to variations in the readings from the AFM over the selected indentation sites).
Change in the stiffness of sample embedded with PEG-coated beads From Table 3 , it can be seen that the Young's modulus of the sample embedded with PEG-coated beads decreased by 8% upon the application of the magnetic field. This decrease can be explained by the fact that the PEG-coated beads had no strong attachment to the ECM fibers. When the magnetic force was applied, the individual beads were pulled and dislocated slightly from their original surrounding. This created space around a bead, making it less constricted so that when the sample was indented by the AFM there was less resistance from the beads against the movement of the AFM tip, resulting in the observed reduction in the value of the Young's modulus.
It is also noted, from the experimental results, that the Young's modulus of samples embedded with PEG-coated beads in the absence of the magnetic field is less than that of pure collagen with no beads embedded (which was measured to be 22.27 Pa as reported at the start of this section). This can be explained by considering the fact that the PEG-coated beads do not form any cross-linking sites with the collagen fibers, and so the number of cross links in such a sample would be lower than that in a pure collagen sample. Structural variation due to sample preparation may also play a role.
Relatively small changes in apparent stiffness at microscale level may amplify significantly at macroscale level Upon comparing the changes in stiffness obtained in our experiments conducted in microscale to results in the literature where ECM stiffness is measured in macroscale (27) (28) (29) , our results of 25% change (induced by the external magnetic field) in the local apparent stiffness of the ECM samples may seem less substantial. However, for highly structured heterogeneous materials such as ECM, it is important to note the differences when measuring the mechanical response of such materials at different length scales. It has been observed that, for soft biological material, the difference in stiffness at the microscale level may amplify with a factor as large as 1000 at the macroscale level (30) . Because the ECM (2.5 mg/mL Rat Tail Collagen Type 1, BD Biosciences) used here has been shown to be very soft (31) , it is therefore reasonable to expect that a change of 25% in the local apparent stiffness of such a material at the microscale level will in fact translate to a much larger change in the stiffness of the overall sample (i.e., at the macroscale level).
CONCLUSION
We have presented the design of an experiment to investigate the uniaxial local apparent stiffness of ECM samples using an AFM, and developed an analytical model to predict the change in the stiffness of such samples due to the influence of an external magnetic field. We have reported experimental results demonstrating 1), the effectiveness of this approach for active manipulation of ECM stiffness, and 2), validity of the analytical model.
Our experimental results have demonstrated that the binding between the embedded beads and the collagen fibers plays a significant role in altering the local stiffness of ECM. This is because beads attached to the fibers via bioconjugation create substantial additional resistance to deformation in the fibers when an external magnetic field is applied. These results suggest the possibility of creating desired three-dimensional stiffness gradients in the in vitro ECM to guide cell migration (i.e., three-dimensional durotaxis). 
Polyethylene glycol (PEG) coating
The amine coated magnetic beads were washed thrice with deionised water to remove the stock buffer solution. Then 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and Nhydroxysuccinimide (NHS) in the ratio of 5:1 were mixed for 30 minutes to activate the coupling group. Once this was done, the EDC and NHS mixture, amine coated beads and PEG were added in the ratio of 1:1:2, respectively. For successful cross-linking between Polyethylene gylcol (PEG) and Amine-coated beads to occur, this mixture was left for 24 hours on a vibrating platform. To check whether the PEG had successfully bound onto the Amine-coated magnetic beads, FTIR analysis was carried out. Figure S2 shows the results of the FTIR analysis. . It can thus be concluded that (i) due to the peak forming at 1100 cm
, a c-oc ether group was present, (ii) due to the peak at 1600 cm , a primary amide group of the bond was present, and (iii) due to the peak at 1500 cm , a secondary amide group of the bond was present.
These results indicate that PEG was present in the sample due to the presence of a c-o-c ether group. Also the presence of primary amide group of the bonds between PEG and the amine functionalised beads, and secondary amide group of the bonds between PEG and the amine functionalised beads showed that successful coupling between the magnetic beads and PEG had occurred.
Magnetic force
The magnetic field along the x-axis (as is indicated in Figure 6 (a) of the main text) for a cuboid permanent magnet is given by (1) Where B r is the residual induction,ϕ 1 = a 2 + b 2 , ϕ 2 = c + d x , d x is the distance in the xdirection of a point from the magnet, and a, b and c are the height, width and thickness of the permanent magnet, respectively. Figure S3a shows a plot of the magnetic field along the x-axis generated using Equation (S1). By considering each bead as the point of origin, the magnetic forces acting on a group of randomly distributed beads are calculated using the expression F = m(∇B x (d x )), where m = ηHV is the magnetic moment of a bead, with η = 5240 kg/m 3 being the density of iron oxide, H the induced auxiliary magnetic field, and V the volume of a single bead (with a radius of 1
μm). Thus for the experiment setup as described in Section 2, a bead 4 mm away from the magnet will experience a magnetic field of B = 0.05 T. Based on the magnetization curve (shown in Figure S4 ) for the beads used in this experiment, it can be concluded that the magnetization of such a bead is not saturated, and that the bead has an induced auxiliary magnetic field of H = 40 emu/g. For the magnet used in our experiment, we have a 
